We demonstrate that ion channels contribute to the regulation of dorsal closure in Drosophila, a model system for cell sheet morphogenesis. We find that Ca 2+ is sufficient to cause cell contraction in dorsal closure tissues, as UV-mediated release of caged Ca 2+ leads to cell contraction. Furthermore, endogenous Ca 2+ fluxes correlate with cell contraction in the amnioserosa during closure, whereas the chelation of Ca 2+ slows closure. Microinjection of high concentrations of the peptide GsMTx4, which is a specific modulator of mechanically gated ion channel function, causes increases in cytoplasmic free Ca 2+ and actomyosin contractility and, in the long term, blocks closure in a dose-dependent manner. We identify two channel subunits, ripped pocket and dtrpA1 (TrpA1), that play a role in closure and other morphogenetic events. Blocking channels leads to defects in force generation via failure of actomyosin structures, and impairs the ability of tissues to regulate forces in response to laser microsurgery. Our results point to a key role for ion channels in closure, and suggest a mechanism for the coordination of force-producing cell behaviors across the embryo.
INTRODUCTION
During embryogenesis, cells and tissues generate physical forces, change their shape, move and/or proliferate (Lecuit et al., 2011) . Intracellular (e.g. due to activity of the cytoskeleton), extracellular (e.g. due to adhesion), cell-autonomous and non-cell-autonomous mechanical forces all impact morphogenesis. The impact of these forces on cell and tissue morphogenesis can be viewed through the lens of biomechanical circuits that are subject to regulation and feedback on a short time scale, i.e. much shorter than regulatory mechanisms involving gene expression. How cell and tissue mechanics are regulated and integrated to effect cell shape change is therefore essential for characterizing the mechanisms of morphogenesis.
Our focus is on the kinematics and dynamics of dorsal closure, a model system for cell sheet morphogenesis (Hutson et al., 2003; Gorfinkiel et al., 2010) . Prior to the onset of closure, a sheet of amnioserosa (AS) cells fills a hole in the dorsal side of the embryo (Fig. 1A) . As closure proceeds, the lateral epidermis (LE) elongates dorsoventrally to envelop the AS, pushing it down into the embryo where it undergoes apoptosis. Force production occurs in the actomyosin-rich supracellular purse strings found in the leading edge cells of the LE, as well as in junctional belts and apical networks of actin and non-muscle myosin II in the AS (Franke et al., 2005) . Additional sheet forces in the bulk of the LE oppose closure. The epidermal sheets converge where the two LE fronts are pulled into the canthi during a process termed zipping. Zipping helps coordinate the shape of the leading edge, so that the contractile purse string maintains curvature, allowing forces generated in the purse string to contribute productively to closure.
Excellent circumstantial evidence suggests a role for force sensing during closure. Individual forces generated in the AS or purse string are two to three orders of magnitude in excess of the net force that drives closure, so even small changes in a contributing force could dramatically affect the progress of closure (Hutson et al., 2003; Peralta et al., 2007) . Nevertheless, the rate of closure is nearly linear with time. In addition, removal of one contributing force by laser microsurgery leads to the upregulation of remaining forces, such that closure resumes at nearly unperturbed rates (Peralta et al., 2007; Layton et al., 2009) . We hypothesize that mechanical feedback is involved in regulating closure in both native (non-laser perturbed) and experimentally manipulated embryos.
Individual AS cells exhibit dynamic oscillations in apical cell area during closure (Fernández et al., 2007; Gorfinkiel et al., 2009; Ma et al., 2009; Solon et al., 2009; Blanchard et al., 2010; David et al., 2010; Sokolow et al., 2012) . The coordination of these oscillations requires a combination of cell signaling and mechanical feedback (Fernández et al., 2007; Solon et al., 2009 ). Ablation of a single AS cell changes the behavior of neighboring AS cells abruptly; adjacent cells stop oscillating and distant cells slow, or stop, oscillations. This supports the hypothesis that a short time scale, mechanosensitive circuit functions in closure. Nevertheless, the mechanism by which this occurs is not known.
The ability of cells to sense and respond to forces is well established, and in some cases candidate mechanosensors are known (Árnadóttir and Chalfie, 2010; Moore et al., 2010) . Mechanically gated ion channels (MGCs) rapidly allow ion flux in response to force. MGCs vary in ion specificity and do not appear to have conserved sequences or structures that confer mechanosensitivity. Genes encoding ~140 ion channel subunits have been identified in the Drosophila genome and although relatively few have been experimentally demonstrated to be sensitive to mechanical force, many might be (Littleton and Ganetzky, 2000) .
Here, we investigate the molecular mechanism(s) for force regulation in closure. We find that cell shapes and closure respond to manipulation of Ca 2+ levels. Consistent with this evidence, we show that pharmacological perturbation of MGCs by the peptide toxin GsMTx4 (and GdCl 3 ) leads to acute changes in cell behavior and blocks closure in a dose-dependent manner. GsMTx4 treatment during closure leads to long-term changes in actomyosin-based structures and behaviors, including apical cell constriction and wound healing. Finally, we identify two channel subunits whose knockdown results in closure defects. Together, these results demonstrate a role for ion channel activity in dorsal closure.
RESULTS

Ca
2+ stimulates cell contractility in closure
Although several MGCs are permeable to Ca 2+ and Ca
2+
-mediated contractility is well-established, its role in closure is unknown. We investigated how manipulating free Ca 2+ directly affects cell behavior. We uncaged Ca 2+ bound by NP-EGTA in one to four AS cells with UV light (numbered cells in Fig. 1B; n=5) . Within seconds of uncaging we observe rapid contraction of targeted AS cells (supplementary material Movie 1). The rate of contraction mediated by Ca 2+ uncaging is within physiological ranges, i.e. the maximum rate of contraction observed following Ca 2+ uncaging is considerably less than that of control AS cells during an oscillation cycle (Fig. 1C) . The net effect of Ca 2+ uncaging is the reduction of AS cell apical area by 57.5±19.1% (n=9). During the same period of time, control AS cells (injected, but not UV irradiated) continued to oscillate and had a net reduction of 28.8±13.2% (n=9, P<0.001). Following Ca 2+ -induced contraction, targeted AS cells do not relax to their initial cell area observed prior to uncaging. Nevertheless, they appear healthy, maintain junctions with neighboring cells and do not undergo premature apoptosis Sokolow et al., 2012) . Finally, closure proceeds to completion after Ca 2+ uncaging. Ca 2+ uncaging also causes contraction in the LE. The apical lengths of targeted cells (measured perpendicular to the purse string) are reduced by 21.2±9.8% (n=10; Fig. 1D ), whereas control LE cells (injected, but not UV irradiated) are reduced by 0.18±4.9% (n=10, P<0.0001) over the same time period. Purse string structure is not dramatically altered by uncaging, as we do not observe obvious contraction of the purse string, nor puckering in its curvature, suggesting that actomyosin arrays in the purse string are not regulated by Ca 2+ . Uncaging Ca 2+ induces the formation of apical actin projections (filopodia and lamellipodia) in the leading edge (Fig. 1D′ ). Our results demonstrate that Ca 2+ stimulates the contraction of AS and LE cells.
We analyzed endogenous Ca 2+ flux(es) in AS cells during closure. We observe a dynamic localization of the Ca 2+ indicator C2:GFP to AS apical cell peripheries. This reporter, which is based on the C2 domain of Protein kinase C β, has been previously shown in Xenopus embryonic cells to localize to the plasma membrane in the presence of Ca 2+ (Clark et al., 2009) . We expressed this construct in the AS under a GAL4 driver that exhibited some mosiacism (supplementary material Fig. S1 ), and assessed C2:GFP localization and apical perimeter length simultaneously ( Fig. 1E,F Fig. S1 ), indicating that increases in intracellular Ca 2+ correlate with increased contraction (i.e. reduced perimeter). Control AS cells expressing a membrane-bound GFP (mCD8:GFP) did not show such a relationship (r=0.44±0.24, n=5).
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2+
, detected as remarkable increases in GCaMP3 or GCaMP6 fluorescence. In these cases, the GCaMP signal spontaneously and reversibly increased in a single or in small groups of AS cells (n=11/14 embryos). In all cases in which cell shape could be unambiguously assessed before and after the spontaneous increase in free Ca 2+ , contraction ensued (n=3; supplementary material Fig. S1) Acute effects of GsMTx4 on closure
Next, we sought to evaluate whether or not MGCs are responsible for altering the levels of intracellular free Ca 2+ during closure. We microinjected GsMTx4 (or GdCl 3 , see below) into embryos, then analyzed the acute and long-term effects of MGC probes on closure. GsMTx4 is a peptide toxin that specifically inhibits MGCs and has no other known targets (Bowman et al., 2007) . Studies of GsMTx4 indicate at least two modes of action (Nishizawa and Nishizawa, 2007; Hurst et al., 2009; Nishizawa, 2011) . When applied in bulk solution, high concentrations of peptide (12-20 μM) increase channel sensitivity to applied force, causing them to open and allow ion flow. By contrast, low concentrations (2-4 μM) decrease the sensitivity of MGCs to applied force. Owing to the impenetrable vitelline envelope, we deliver GsMTx4 via microinjection, which initially exposes cells near the site of injection to very high concentrations of peptide, i.e. concentrations essentially equivalent to the concentration loaded into the pipette. We note that accurate values for the final concentration of GsMTx4 (or GdCl 3 , see below) in the embryo are not known, since the volumes of the embryo that are accessible to peptide or the extent to which the peptide is sequestered are unknown. As a consequence, we only report concentrations of which we are certain, i.e. the concentrations of GsMTx4 (or GdCl 3 ) in the micropipette. To estimate final concentration we estimate the volume delivered (typically ~5% of the volume of the egg) and assume free diffusion into a volume equivalent to the size of a Drosophila embryo .
The effects of GsMTx4 are observed immediately after microinjection. We analyzed the effect of 10 mM tip concentration GsMTx4 on embryos expressing a GFP-labeled reporter for F-actin, sGMCA (Kiehart et al., 2000) . Microinjection of 10 mM GsMTx4 causes the acute contraction of AS cells within 240 seconds of injection (supplementary material Movie 3; Fig. 2A ,B). To determine if this contraction is accompanied by ion flux, we microinjected GsMTx4 into embryos expressing the Ca 2+ reporter GCaMP3 (Tian et al., 2009) . In response to GsMTx4, we observe an increase in free Ca 2+ (i.e. GCaMP3 fluorescence) in AS cells 40-60 seconds after injection (arrows in Fig. 2C ,D). These observations are consistent with previous findings that GsMTx4 can cause increased channel sensitivity, i.e. that MGCs open after exposure to high concentrations of GsMTx4 (Hurst et al., 2009; Nishizawa, 2011) .
Lower tip concentrations of GsMTx4 in the mM range have a weaker effect on contraction but we do not observe an obvious Ca 2+ release (Fig. 2B ). Our interpretation is that at these lower concentrations the injected peptide still triggers contraction but the changes in free Ca 2+ are beyond the sensitivity of the Ca 2+ reporter. We conclude that the high concentrations of GsMTx4 present in the pipette, like the uncaging of chelated intracellular Ca 2+ , causes increases in cytoplasmic free Ca 2+ that initiates the contraction of AS cells. These data suggest that GsMTx4-sensitive channels, most likely MGCs, are present in the AS, mediate Ca 2+ flux and effect actomyosin contractility.
Channel inhibition leads to defects in actomyosin organization
In untreated or control injected embryos, AS cells undergo cycles of constriction and relaxation (Fernández et al., 2007; Gorfinkiel et al., 2009; Ma et al., 2009; Solon et al., 2009; Blanchard et al., 2010; David et al., 2010; Sokolow et al., 2012) due to the coordinated constriction and relaxation of junctional belts and apical actomyosin networks (Franke et al., 2005; Blanchard et al., 2010) . Although the junctional belts appear stable, actomyosin rapidly assembles and disassembles across AS cell apices ( Fig. 3A ; supplementary material Movie 4). Indeed, high concentrations of injected toxin induce medial apical arrays in some cells, further suggesting that increased Ca 2+ regulates array formation and contraction. By contrast, minutes after microinjection of GsMTx4 (mM tip concentrations), the formation of medial apical arrays of actomyosin is suppressed, presumably as a consequence of peptide diffusion away from the site of injection and the establishment of concentrations that function to block MGC activity (Fig. 3A,B) . When assayed 5-10 minutes after injection, only 46±10% of AS cells (n=3 embryos, 99 cells) exhibit any apical networks over a timecourse of 10 minutes, compared with 93±6% of AS cells in control injected embryos (n=3 embryos, 127 cells). Following GsMTx4 treatment, the amplitude of apical area oscillations is reduced (Fig. 3C ,C′) in AS cells with suppressed networks. In GsMTx4-injected embryos, most AS cells did not oscillate or had oscillations that were so substantially slowed that cycle time could not be measured. The small number of cells that did oscillate in GsMTx4-treated embryos (<10%) had reduced amplitude (91.3±43.9 μm 2 , n=9, P<0.001) and a cycle time comparable to that of controls (240.0±77.5 seconds, n=4). AS cells in control injected embryos oscillated with an amplitude of 205±65 μm 2 (n=16) and cycle time of 240±84 seconds (n=16). We did not observe significant changes in junctional actomyosin. Together, these pharmacological data indicate that MGCs, at least in part, regulate the actomyosin arrays that mediate AS cell oscillations.
Channel function is required for force production during closure Next, we evaluated AS force production under conditions that allowed microinjected GsMTx4 to reach low, inhibiting levels (within 10-30 minutes of GsMTx4 injection). We performed mechanical jump experiments using a steered laser microbeam (Peralta et al., 2007; Toyama et al., 2008) to cut the AS away from the LE (Fig. 4) . This causes the LE to rapidly recoil away from the dorsal midline. Initial recoil velocity is directly proportional to tension produced in the AS (Hutson et al., 2003; Peralta et al., 2007; Toyama et al., 2008) . The average initial recoil velocity in embryos treated with mM levels of GsMTx4 is decreased compared with controls ( Fig. 4C ; 629±460 nm/s, n=7, versus 1290±300 nm/s, n=7; P=0.008).
Following laser severing, recoil to a turning point and a brief pause, closure in control embryos resumes in two distinct phases termed v recovery1 (17.0±2.1 nm/s, n=7) and v recovery2 (3.9±1.2 nm/s, n=7). These values are comparable to those of published controls (Rodriguez-Diaz et al., 2008) and are presumably the consequence of a new force balance (Peralta et al., 2007) . By contrast, embryos treated with mM levels of GsMTx4 exhibit one of two defects: failure to resume closure (n=2/9 embryos) or a single-phase recovery (v recovery =7.1±3.8 nm/s, n=7; Fig. 4B,C) . These results indicate that forces for the resumption of closure are not properly regulated in the presence of GsMTx4.
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Long-term closure defects associated with channel inhibition
We evaluated the long-term consequences of GsMTx4 on development in order to provide some indication of the phenotypes that might be expected upon genetic perturbation of channel function, even though they potentially include indirect effects of MGC inhibition ( Fig. 5 ; supplementary material Fig. S2 ). Therefore, we followed embryos from ~5 minutes after microinjection until closure ends. MGC inhibition blocks closure in a dose-dependent manner (supplementary material Table S2 ). Inhibiting concentrations of GsMTx4 cause closure to slow, epithelial integrity to break down and, ultimately, closure to fail (Fig. 5 ). All mM concentrations (including 10 mM, as described previously) of GsMTx4 cause identical long-term phenotypes, but the phenotype is less penetrant at low concentrations (supplementary material Table S2 ). At 5 mM GsMTx4, failure to close is 52% penetrant (n=31). Embryos injected with GdCl 3 , a commonly used but less specific MGC inhibitor, phenocopies GsMTx4 treatment (supplementary material Table S3 , Fig. S2 ). Thus, the long-term effect of MGC inhibition is failure to close.
The rate of closure, measured as the height of the dorsal opening, reflects the net force that drives closure (Hutson et al., 2003) . This net force is the sum of positive contributions from the AS and purse string minus opposing forces in the LE (Hutson et al., 2003; Peralta et al., 2007; Toyama et al., 2008; Layton et al., 2009) . In control injected embryos, closure occurs at a linear rate of 5.9±0.9 nm/s (n=7), consistent with published data for uninjected controls (Hutson et al., 2003; Peralta et al., 2007; Toyama et al., 2008) and corresponding to the 'fast phase' of closure reported by others (Gorfinkiel et al., 2009) . By contrast, closure in GsMTx4-treated embryos slows and then stops (Fig. 5C) . Thus, GsMTx4 reduces the net force for closure, suggesting that channel function is involved in the regulation of the balance of forces that drive closure. We cannot rule out the possibility that some of the long-term effects we observe are due to indirect effects of the inhibition of channel activity, but note the remarkable similarity between the long-term phenotypes that follow GsMTx4 injection and mutations that affect certain channel subunits (see below).
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Development (2014) To better characterize epithelial integrity defects, we injected GsMTx4 into embryos expressing E-cadherin-GFP (supplementary material Fig. S2 ). GsMTx4 causes the GFP signal at cell boundaries to become discontinuous compared with control injected embryos, and GFP signal accumulates in cytoplasmic puncta in AS cells (supplementary material Fig. S2 ). This suggests that closure fails due to defects in cell-cell adhesion as a result of MGC inhibition or due to direct effects on cadherin, which we consider unlikely (there are no documented direct effects of GsMTx4 on cadherin).
Additional long-term effects of GsMTx4 treatment are defects in purse string structure and function. When microinjected at the end of germband retraction (the embryonic stage preceding closure), GsMTx4 prevents formation of the purse string (supplementary material Fig. S2 ). Microinjection at the onset of closure, after the purse strings have formed, leads to reduced F-actin at the leading edge of the LE (compare Fig. 5A,B) . Furthermore, seam formation via zipping is attenuated in GsMTx4-treated embryos compared with controls. We quantified zipping by measuring seam length at the anterior (w a ) and posterior (w p ) canthi . w p is reduced by ~32% (26.3±10.1 μm, versus 38.5±7.3 μm in control embryos; P=0.03, n=6 each condition), whereas w a is not significantly reduced (36.8±12.5 μm, versus 50.8±19.9 μm in control embryos; n=6 each condition). This is likely to be a consequence of microinjection into the posterior end (see Materials and methods). Thus, we find that channel activity is required for normal purse string formation, seam formation and zipping.
Knockdown of candidate MGC subunits blocks closure
We sought to evaluate the function of MGCs through genetic analysis. Ideally, conditional mutations in channel subunits could allow rapid shifts between permissive and restrictive conditions and the analysis of acutely induced loss-of-function phenotypes. Since such conditional mutations are not currently available, are not recovered in screens except at very low (i.e. at near zero) frequency and cannot be reliably engineered, we investigated whether the effects of GsMTx4 might be phenocopied by knockdown studies using RNAi or standard loss-of-function mutations in genes encoding channel subunits.
We expressed RNAi constructs (Dietzl et al., 2007) designed to knockdown individual candidate channel subunits in the AS, then analyzed closure. We selected genes encoding channel subunits implicated in mechanosensing in Drosophila and other systems (supplementary material Table S4 ). When knocked down in the AS, two RNAi targets displayed long-term closure phenotypes: ripped pocket (rpk) and dtrpA1 (TrpA1 -FlyBase). RPK is a DEG/ENaC subunit expressed early in Drosophila embryogenesis (Adams et al., 1998; Horner and Wolfner, 2008) . dTRPA1 is a Ca 2+ -permeable TRP channel subunit required for larval thermosensing and locomotion (Rosenzweig et al., 2005; Hamada et al., 2008; Zhong et al., 2012) , but not mechanosensing, in flies. RPK and dTRPA1 were verified as targets of RNAi knockdown by immunoblotting (supplementary material Fig. S3) .
Expression of either RNAi (termed trpA1RNAi and rpkRNAi) in the AS (Fig. 6B,C) led to closure defects, other morphogenetic defects and increased embryonic lethality, thereby phenocopying key aspects of GsMTx4 treatment. 69.5% of rpkRNAi-expressing embryos and 42.0% of trpA1RNAi-expressing embryos did not hatch and displayed morphogenetic defects (supplementary material Table S5 ). The most common defect is an aberrant rectangular dorsal opening and blocked canthus formation (compare Fig. 6A-C) . It is unclear whether this is due to defective seam formation, decreased force production in the AS near the canthi, or is a secondary defect to other morphogenetic events including head involution (note the defective anterior canthus in Fig. 6C ) and germband retraction. Pronounced segmental grooves in RNAi-expressing embryos attempting closure (Fig. 6B,C) suggests that these embryos are developmentally delayed.
Knockdown of RPK or dTRPA1 in the AS causes nonautonomous effects in the LE. LE cells fail to elongate dorsoventrally and fail to generate normal actomyosin purse strings (Fig. 6B′,C′) . Surprisingly, when we expressed rpkRNAi or trpA1RNAi in the LE alone, the leading edge and LE appear as in wild type (supplementary material Fig. S3 ), but the rate of closure decreases in embryos expressing rpkRNAi (4.3±0.6 nm/s, n=8; P<0.0001) or trpA1RNAi (4.1±1.9 nm/s, n=9; P=0.009) versus the control (6.6±0.5 nm/s, n=6). This indicates that channel activity has both cell-autonomous (knockdown in the AS causes AS phenotypes) and non-autonomous (knockdown in the AS causes LE phenotypes) effects.
We evaluated the effect of channel knockdown in the AS on the forces produced for closure and in wound healing using a laser microsurgery approach. In response to a single 30-40 μm cut generated in the AS, embryos expressing either rpkRNAi or trpA1RNAi in the AS fail to complete wound healing (rpkRNAi, n=6/6; trpA1RNAi, n=4/6; supplementary material Fig. S4 ), again,
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Mutations in rpk lead to defects in closure
To assess the embryonic requirement for rpk, we analyzed closure in rpk 53 , a hypomorphic mutant allele (Horner and Wolfner, 2008) . Zygotic rpk (rpk 53Z ) mutants exhibit embryonic lethality and morphogenetic defects that phenocopy RNAi defects at low penetrance. To further reduce RPK activity, we crossed homozygous female escapers (rpk 53M ) to Df(3R)ED5092 males and analyzed rpk 53M /Df(3R)ED5092 (rpk/Df) heterozygous embryos. This led to an increase in embryonic lethality and penetrance of morphogenetic defects (supplementary material Table S5 ). Of unhatched rpk/Df embryos (n=103 unhatched, 34.3% total observed), 78% fail to develop cuticle and were not analyzed. Of the remaining embryos, half (11%) are indistinguishable from wild type but fail to hatch, and half (11%) develop cuticle with clear defects (see below). rpk/Df embryos expressing sGMCA were live imaged (Fig. 6) ; they fail to complete germband retraction, head involution or closure, consistent with the cuticle analysis (i.e. ~11% with defects). The defects observed phenocopy RNAi knockdown and GsMTx4 treatment during germband retraction ( Fig. 6C-E ; supplementary material Fig. S2 ). LE cells fail to elongate dorsoventrally or produce an actomyosin purse string (Fig. 6D′) . rpk/Df AS cells maintain the actin cytoskeleton at cell-cell boundaries and in apical actin networks (supplementary material Fig. S3 ), indicating that reduced expression of RPK alone is not sufficient to block all forceproducing structures and behaviors.
To investigate the distribution of RPK protein, we used an affinity-purified antibody raised against an RPK peptide and show that RPK is expressed throughout the embryo (Fig. 7A) . In the AS, RPK localizes to puncta that, in most cases, form patches at or near the apical membrane of the cells ( Fig. 7B; supplementary material  Fig. S3 ). RPK appears to be excluded from junctions, as RPK staining fails to overlap with anti-phosphotyrosine labeling. Embryos expressing rpkRNAi in the AS or rpk/Df embryos have both fewer and less intense RPK puncta and lack apical patch distribution in the AS (Fig. 7C) . The wild-type expression of RPK in the AS is consistent with our observation that perturbation of MGC function affects AS cell behavior. Together, our genetic analysis and antibody localization of RPK support a role for this channel subunit during morphogenesis.
Effect of dtrpA1 loss-of-function alleles on closure
To investigate dtrpA1 during embryogenesis, we analyzed dtrpA1 ins or dtrpA1 1 null embryos (Hamada et al., 2008; Kwon et al., 2008) . Flies homozygous null for dtrpA1 are viable and do not exhibit significant embryonic lethality compared with wild type (supplementary material Table S5 ). Closure is morphologically wild type in dtrpA1 ins embryos expressing sGMCA, proceeding at wildtype rates (5.5±1.0 nm/s, n=8). This lack of phenotype was unexpected based on the trpA1RNAi studies described above, so we tested trpA1RNAi for off-target effects. We expressed trpA1RNAi in a dtrpA1 ins background, in which any effects would be, by definition, off-target. We find no effect of RNAi in the null background, indicating that the RNAi phenotype is due to knockdown of dTRPA1 (supplementary material Table S5 ). w 1118 embryos at closure stages immunostained with anti-dTRPA1 antibody show a low, ubiquitous signal (supplementary material Fig. S3 ). We also observed weak, but reproducible, expression of a GFP reporter in AS and LE cells under the dtrpA1-GAL4 driver (supplementary material Fig. S3 ). Our RNAi analysis and GAL4 expression data support a role for dTRPA1 in closure. Below, we propose an explanation for why tissue-specific knockdown generates increased lethality and morphogenetic defects compared with mutant alleles of dtrpA1.
DISCUSSION
We report evidence for a role for ion channel activity in the regulation of dorsal closure. We find that uncaged Ca 2+ or endogenous Ca 2+ flashes can induce cell contraction, and we observe endogenous Ca 2+ flux in native, contractile AS cells. Consistent with this observation, microinjection of mM concentrations of GsMTx4 causes an increase in Ca 2+ , followed by contraction. The long-term effect of disrupting MGC activity is to block closure, either by pharmacological inhibition (GsMTx4, GdCl 3 ) or genetic perturbation (RNAi, mutants). Both short-and long-term effects of channel inhibition include the failure of key actomyosin structures in closure. We show that inhibiting MGCs decreases contractility of the AS and blocks the ability of tissues to upregulate forces in response to laser microsurgery. Finally, we identify two candidate channel subunits, encoded by rpk and dtrpA1,
RESEARCH ARTICLE
Development (2014) whose RNAi knockdown or mutation partially phenocopies the effect of GsTMx4, leading to severe embryonic defects including a failure to close.
These data provide evidence that ion channels function in closure to regulate ion flux in individual cells in the AS and LE, leading to Ca 2+ -dependent cell contractility (supplementary material Fig. S5 ). Intracellular ion flux via MGCs can promote cytoskeletal and junction organization in cell culture (Ko and McCulloch, 2001; Hayakawa et al., 2008; Kobayashi and Sokabe, 2010) . Our findings that localization of the Ca 2+ reporter C2:GFP correlates with AS cell contraction and that elevated Ca 2+ induces AS cell contraction (via uncaging NP EGTA AM or spontaneous flashes) support a role for Ca 2+ -dependent contractility in closure. Nevertheless, the observed correlation between perimeter shortening (contraction) and increases in free Ca 2+ is by no means perfect. We hypothesize that there are several reasons for this lack of tight correlation. First, although our data suggest that Ca 2+ plays a role in regulating actomyosin contractility, there are other regulators of this important process, and small GTPases (especially Rac and Rho) are sure to play a regulatory role. Ca 2+ signaling must be integrated into the context of other signaling pathways and programs of gene expression regulating morphogenesis. Second, individual cell behavior must be considered in the context of the AS cell sheet, in which the behavior of a cell perimeter is profoundly influenced by the behavior of the cells to which it is attached. It is possible that passive perimeter shortening on one side of a given cell is actively driven by contractility in its neighbor. Finally, two-dimensional changes in cell shape, as observed in a given optical section or series of optical sections, must be considered in the context of the three-dimensional nature of cells. We hypothesize that cell volume does not fluctuate rapidly because of the relative incompressibility of cellular constituents and because the cell does not rapidly lose or gain volume. Thus, cell volume acts as a buffer and changes in crosssectional area (e.g. measured at the level of junctional belts) may be the consequence of contractile activities functioning elsewhere in the cell. Complete understanding of how MGCs and Ca
2+
-mediated contraction are integrated into cellular homeostasis and morphogenesis requires a more complete picture of how other signaling pathways contribute to changes in cell shape. Moreover, it will require more complete imaging sets, with higher temporal and spatial resolution, of the three-dimensional changes that occur during morphogenesis, even in relatively simple morphogenetic movements such as dorsal closure. The advent of new biosensors and high-speed imaging techniques place the technologies required for such investigations of morphogenesis within the realm of possibility.
GsMTx4 is the most specific pharmacological reagent for manipulating MGC activity in vitro and in vivo, and here we report its use during Drosophila embryogenesis. Acute, bimodal effects of GsMTx4 on closure are consistent with the presence of MGCs that ultimately pass Ca 2+ ions. At the mM concentrations of GsMTx4 experienced by cells at or near the site of injection, increases in cellular free Ca 2+ are followed by constriction over the course of tens of seconds. By contrast, the long-term effects of low concentrations of GsMTx4, which cells experience after the bolus of peptide diffuses away from the injection site, appear to be inhibition of closure via the failure of key actomyosin structures and activities. We hypothesize that GsMTx4 affects MGC activity by modifying the thickness or curvature of the lipid bilayer in which these channels are embedded, consistent with known mechanisms of GsMTx4 action (Nishizawa, 2011) . Studies in cell culture demonstrate that loss of MGC function by pharmacological inhibitors or targeted mutations in channel subunits leads to defects in actomyosin contractile behaviors (Guilak et al., 1999; Follonier et al., 2008; Wei et al., 2009 ). Nevertheless, we cannot rule out that possible indirect effects of MGC inhibition obscure specific and direct long-term effects of MGC inhibition (e.g. the effect of membrane thickness and curvature on non-MGC membrane proteins during development or secondary consequences of inhibiting RPK and dTRPA1).
Long-term phenotypes due to GsMTx4-mediated MGC inhibition are recapitulated by RNAi expression or mutational analysis that disrupt the function of specific channels. Congenital loss of channel expression is a long-term effect, and disrupting expression of rpk or dtrpA1 in embryos leads to closure defects. Discrepancies in phenotypes may be the consequence of multiple channels functioning in closure or to differences in the timing and pattern of knockdown or inhibition. Whereas in our experiments we knockdown the expression of a single channel subunit tissue specifically (via RNAi) or in the embryo as a whole prior to closure (via mutant allele), an advantage of pharmacological inhibitors is acute delivery before or during closure. Indeed, we observe phenotypes consistent with genetic knockdown when we microinject GsMTx4 prior to closure: defects in AS shape, canthus and purse string formation and failure to close. We speculate that the embryo can compensate for the congenital loss of a single channel subunit (as in the case of dtrpA1) in ways not possible when drug is applied acutely or when RNAi knocks down channel function (less acutely than the drug, more acutely than inherited mutant alleles).
The regulation of contractility via ion channels during closure appears to be both cell-autonomous and non-cell-autonomous. Specifically, the loss of leading edge cell elongation and their purse strings when channel subunits are targeted in the AS indicates that robust channel activity in the AS is required for normal cell shape changes in both the AS (i.e. cell-autonomous) and in leading edge cells (i.e. non-cell-autonomous). Actomyosin contractility during closure can act non-cell-autonomously, implicating positive reinforcement of force-producing activities or structures between and within embryonic tissues: clones of cells expressing myosin because of a transgenic mosaic effect contract (cell-autonomous effect) but stretch neighboring cells (non-cell-autonomous effect) (Franke et al., 2005) . We hypothesize that channel activity contributes to tension at a single-cell level in the AS, and that tension in the AS, exerted on the LE, is required for wild-type actomyosin-dependent structures and cell shapes in the leading edge of the LE.
Verification of a mechanical circuit(s) regulated by MGCs requires that we unequivocally establish which channels are involved and determine the gating mechanisms of each channel(s) in the embryonic epithelia. The sensitivity of DEG/ENaC and TRPA1 homologs to applied force has been studied in other systems (O'Hagan et al., 2005; Kindt et al., 2007) or associate with Ca 2+ channel subunits is unknown, RPK is involved in Ca 2+ -dependent processes such as Drosophila oocyte activation and the response to gentle touch in larvae (Horner and Wolfner, 2008; Tsubouchi et al., 2012) .
This study implicates ion flux and MGCs in the molecular mechanisms that regulate closure. Force sensing by MGCs could constitute a rapid means of affecting cell behaviors in order to adapt to acute changes during closure. For example, at the level of apical junctions, individual AS cells change shape dramatically, whereas the overall area of the AS decreases slowly and monotonically (Hutson et al., 2003; Solon et al., 2009; Blanchard et al., 2010; Sokolow et al., 2012) . Based on our observations, we hypothesize that MGCs function in a mechanical circuit(s) to coordinate forces across the embryo. Similar feedback loops are proposed for the oscillatory behavior of other mechanically coupled, contractile cells (Follonier et al., 2008; Kruse and Riveline, 2011; Schillers et al., 2010) . Given that morphogenesis throughout Drosophila development requires the assembly and regulation of forceproducing structures (Butler et al., 2009; Martin et al., 2010) , it will be interesting to determine how other morphogenetic processes are affected by channel inhibition.
MATERIALS AND METHODS Drosophila strains
Wild type refers to fly stocks that were w -and ubiquitously express one of two transgenes: sGMCA (to label F-actin) or ubi-cadherin-GFP (to label cell-cell junctions) (Oda et al., 1998; Kiehart et al., 2000) . Both transgenes were genetically linked to mini w + . Other mutations and transgenes mentioned in the text are described in FlyBase. Embryos were collected at 25°C and aged ~24 hours at 16°C.
Pharmacology and microinjection
Embryos collected on agar plates were dechorionated, sorted for stage and genotype, and mounted on glass coverslips. Embryos were desiccated for 4 minutes, covered with halocarbon oil, and injected (Pico Injector, Harvard Apparatus). GdCl 3 (Sigma), GsMTx4, BAPTA (Invitrogen) and NP-EGTA AM (Sigma) were prepared in 1× injection solution (180 mM NaCl, 10 mM HEPES, 5 mM KCl, 1 mM MgCl 2 , pH 7.2) (Bowman et al., 2007 ) to the final concentrations described. GsMTx4 was supplemented with 1 mg/ml BSA (Sigma) to facilitate peptide delivery. Control injections used 1× injection solution with 1 mg/ml BSA. Final concentrations for uncaging NP-EGTA AM are 0.5 mM for LE and 1 mM for AS.
Confocal microscopy and laser microsurgery
Embryos (not desiccated or microinjected) were prepared for imaging as described (Kiehart et al., 1994) . Imaging of all embryos was performed at 23°C using a Zeiss Axiovert 200M or LSM510 confocal, with MetaMorph (Molecular Devices) or LSM v4.0 (Zeiss) acquisition software, respectively. Objectives used: 25×/0.8 NA multi-immersion, 63×/1.4 NA and 100×/1.45 NA oil immersion. For closure analysis, z-planes of 1-2 μm spacing were acquired and z-projections analyzed. For analysis of apical cell oscillations or Ca 2+ fluxes, z-planes of 0.5 μm slice spacing were acquired but not projected.
Mechanical jump experiments (Hutson et al., 2003) were performed on a Zeiss Axio Imager.M2m, 40×/1.2 NA water objective, using Simple PCI (Hamamatsu) or Micro-Manager (Vale Lab) acquisition software. An Nd:YAG UV laser (Continuum) was interfaced with the confocal microscope to allow steered laser incisions (Kiehart et al., 2006) . Laser incisions performed on desiccated embryos may have values for v recoil that deviate from published values for uninjected embryos (Hutson et al., 2003; Toyama et al., 2008) . Laser power ranging from 1-2 μJ was used for incisions. Defocussed beams of 0.3-1 μJ were used for uncaging NP-EGTA AM; comparable doses of UV do not cause cell contraction.
Image analysis
Images were analyzed using an active contour algorithm in ImageJ (NIH) (Hutson et al., 2003) . Custom algorithms were applied to determine recoil velocity or to quantify seam formation (Mathematica, Wolfram Research) (Peralta et al., 2007) . Apical oscillations and actomyosin networks were quantified in GsMTx4-injected (44 AS cells in five embryos) and control injected (32 AS cells in four embryos) sGMCA embryos. An actomyosin network was defined as an apical focus of increased sGMCA signal above background that moved across the apical cell surface (supplementary material Movie 4) (Blanchard et al., 2010) . Quantification of the total number of oscillating cells was based on the field of view (63×/1.4 NA objective, ~30 cells). Amplitude is defined as half the difference between peak and trough; cycle is defined as the time elapsed from peak to peak. For free Ca 2+ imaging, we used: C2:GFP, which is recruited to the plasma membrane in a Ca 2+ -dependent manner, allowing analysis of Ca 2+ flux and cell shape; GCaMP3, the best genetically encoded Ca 2+ indicator available when these experiments were initiated; and GCaMP6, which was recently made available. For C2:GFP imaging, z-planes of 0.5 μm spacing were analyzed. To visualize C2:GFP dynamics, we corrected for photobleaching (ImageJ), subtracted background (mean pixel value in a mosaic, nonexpressing cell) and applied a Gaussian blur (σ=1 pixel). Resulting data (GFP signal and perimeter) were smoothed (SavitzkyGolay, MATLAB) and cross-correlated to determine a Pearson's correlation coefficient. An unpaired t-test was used to determine significance.
Molecular biology
We cloned the C2:GFP construct into the pUASt (w+) vector [Drosophila Genomics Resource Center (DGRC)] NotI and XbaI sites using the following primers (5′-3′, forward and reverse): ATAATAATGCGGCCGC -CAAAACATGGTGAGCAAGGGC and CTGCGTCTAGATCACACAGG -AACGTTAAAGTATTCTCCCTCCTCC. w 1118 embryos were injected with plasmid, and transgenics recovered and characterized using standard protocols.
Full-length ripped pocket (DGRC) was amplified by PCR and TA cloned into the pCR8/GW/TOPO TA vector (Invitrogen, K250020SC) using the following primers: RPK-F, ACCATGACCATATCGGATTCGGAACT -CGACAGC; RPK-R, TCCTTTAACCAGGCGCTTCAGATTGGTAAA -GAGC. RPK_pCR8/GW/TOPO TA was recombined into the pTWG destination vector (DGRC) and injected into w 1118 embryos as above.
Immunoblotting and immunofluorescence
An affinity purified polyclonal antibody was raised against RPK using the peptide YDRAERELLVREFKRV (Abgent). For immunoblotting, equal numbers of dechorionated embryos were ground in SDS-PAGE buffer (Wodarz, 2008) . Primary antibodies and dilutions for blotting: anti-RPK (1:2000; 0.36 mg/ml stock), anti-dTRPA1 (1:2000; AbCam, ab72275) and anti-β-actin (1:5000; Sigma, A2066). HRP-conjugated anti-rabbit secondary antibodies (1:3000; Bio-Rad, 170-6515) and an ECL detection kit (Pierce) were used. Immunofluorescence was performed as described (Rothwell and Sullivan, 2000) using: anti-RPK (1:1000), anti-GFP (1:3000; BD Bioscience, 632375), anti-phosphotyrosine (1:2000; Upstate, 4G10), Alexa Fluor 488 goat anti-mouse and 568 goat anti-rabbit (1:3000; Life Technologies, A11008 and A11061).
